When a fluorescence photon is emitted from a molecule within a living cell it carries a signature that can potentially identify the molecule and provide information on the microenvironment in which it resides, thereby providing insights into the physiology of the cell. To unambiguously identify fluorescent probes and monitor their physiological environment within living specimens by their fluorescent signatures, one must exploit as much of this information as possible. We describe the development and implementation of a combined two-photon spectral and lifetime microscope. Fluorescence lifetime images from 16 individual wavelength components of the emission spectrum can be acquired with 10-nm resolution on a pixel-by-pixel basis. The instrument provides a unique visualization of cellular structures and processes through spectrally and temporally resolved information and may ultimately find applications in live cell and tissue imaging.
Introduction
The application of two-photon fluorescence excitation to laser scanning microscopy 1 has provided a powerful tool for three-dimensional imaging of biological specimens. It has several proven advantages over single-photon fluorescence microscopy, including sample viability, 2 an inherent optical sectioning effect, and superior penetration depth into dense tissue. 3 For these reasons ͑and others 1 ͒ two-photon laser scanning microscopy has received considerable attention as a potential diagnostic imaging modality, primarily by enabling the spatial distribution of fluorophores ͑both endogenous and exogenous͒ to be visualized from relatively deep within living tissue.
Recently, optical methods based on fluorescence spectroscopy have proven to be powerful diagnostic tools for the study of physiological and morphological changes of tissue at the subcellular level. 4 -8 Analysis of additional fluorescence properties such as the characteristic emission spectrum and lifetime can provide novel insights into the biophysical properties of a sample with high molecular specificity and sensitivity. 9 -12 The excited-state lifetime of a fluorescent molecule is often of particular interest because it is both intensity independent and sensitive to changes in the local microenvironment of the fluorophore. Lifetime determination may reveal diverse parameters such as pH, molecular association, oxygen concentration, Caϩ concentration ͑or other ion concentrations͒, and proteolysis processing. 13, 14 To date, the intrinsic features of fluorescence ͑intensity, spectra, and lifetime͒ have mostly been explored with mutual exclusivity. [15] [16] [17] Although previous studies utilizing combined spectral and lifetime techniques have been explored, 18 in contrast to this report those investigations were imaged in a different configuration.
In this paper we report on a two-photon fluorescence microscope operating in a simultaneous spectral-lifetime mode allowing the information contained within the fluorescence signal to be maximally exploited. We have conducted extensive characterization experiments on the instrument and have applied the system to a preliminary analysis of thick tissue sections prepared by staining protocols that are in common use in pathology laboratories.
System Design

A. Laser-Scanning Microscope
The experimental arrangement of the new instrument is depicted in Fig. 1 . The system is largely constructed around an inverted microscope ͑Nikon, Diaphot 200͒ and a BioRad MRC-600 confocal scanning head, which houses the optical beam scanning mechanism and an internal photomultiplier tube ͑PMT͒ detector. For source illumination, a Ti:sapphire laser ͑Coherent, Mira͒ pumped by an 8-W solidstate laser ͑Coherent, Verdi͒ was used to generate ultrashort optical pulses ͑ϳ3-nJ pulse energy͒ at a wavelength of 900 nm and a temporal pulse width of approximately 120 fs at a repetition rate of 76 MHz. This beam was coupled to the input laser port of the MRC-600 scanning head, which was modified with custom optics to achieve optimum efficiency over the tuning range of the laser ͑approximately 700 -1000 nm͒. In particular, after entering the scanning unit the pulsed beam encounters a custom dichromatic mirror ͑D 1 ͒ ͑650DCSP, Chroma Inc.͒ that efficiently directs approximately 98% of the incident illumination into the scanning mechanism. This contains two oscillating galvanometer mirrors that generate the x and y scanning movements.
The scan beam exits the unit through an eyepiece, which produces a focused scanning spot moving across the normal focal plane of the imaging objective. The beam is passed to the inverted microscope through a transfer lens ͑L 1 ͒ ͑01LAO159, MellesGriot͒ and a dichromatic mirror ͑D 2 ͒ ͑650DCSP, Chroma Inc.͒, which is mounted at 45°in the sliding filter block of the microscope. This mirror directs incident illumination up to fill the back aperture of an imaging objective ͑O 1 ͒ ͓Nikon, 60ϫ, 1.4 numerical aperture ͑NA͒, oil͔ and transmits the collected visible fluorescent light from the sample to a multimode fiber ͑core diameter of 1.0 mm, 0.48 NA͒ through a custom-designed coupling assembly, which contains a 10ϫ, 0.4 NA objective ͑O 2 ͒ ͑Nikon͒ and is directly attached to the microscope's bottom-port Keller hole. The small fraction of fluorescence emission that is not transmitted by D 2 is descanned back to D 1 where it is directed onto the internal PMT of the MRC-600. This signal is used to construct a two-photon image in parallel with the spectral and lifetime mode. Fundamental blocking filters, BP 1 and BP 2 ͑BG39, Thin Film Imaging Technologies, Inc.͒ are positioned in front of the internal PMT and at the proximal end of the multimode optical fiber in the fiber-optic coupling assembly. To control the power coupled to the system, a variable neutral-density filter wheel is positioned before the entrance to the MRC-600 scanning unit. Two-photon images are acquired with custom software that utilizes a digital signal processor for generation of the scan waveforms and data acquisition. 19 On the basis of axial Rayleigh criterion, the specifications of O 1 , and the tuning range of the laser, the microscope is capable of obtaining optical sections with a resolution of approximately 1.1-1.5 m.
B. Combined Spectral and Lifetime Functionality
Measurement of the fluorescence lifetime is commonly achieved either in the frequency or time domain. In the frequency domain the phase shift between the modulated or pulsed excitation and the emission from the sample at the fundamental modulation frequency ͑or its harmonics͒, together with the modulation depth, is measured, whereas with timedomain techniques pulsed excitation is used and the fluorescence decay function is recorded directly. One increasingly popular time-domain method is that of time-correlated single-photon counting ͑TCSPC͒. 20 TCSPC combines a near-ideal utilization of detected photons with extremely high time resolution, which is limited only by the transit time spread of the detector. This, together with the fact that TCSPC can be combined with multiple detectors for simultaneous multiwavelength detection, 21, 22 makes the technique particularly attractive for our application.
To realize our aims, we incorporated a complete electronic system to record fast light signals by TCSPC ͑SPC-830, Becker & Hickl͒ with our twophoton laser scanning microscope. The SPC-830 is a compact solution that combines all the components necessary for TCSPC measurements onto a single PCI board. Synchronized data collection is achieved with the SPC-830 board ͑which has an internal pixel clock͒ by use of the x and y laser scanning signals generated by the digital signal processor for the microscope. Laser pulses are detected by a high-speed p-i-n photodiode mounted inside the mode-locking cavity of the laser and are used by the SPC-830 board to determine the detection time of a photon ͑anode pulse from the PMT͒ relative to the laser pulses. The SPC-830 unit starts timing on receipt of a detected photon and measures the time lapse until the next laser pulse. The temporal evolution of the emission probability after excitation is described by a histogram of these time spans whereby each counting event is allocated to a temporal bin for each pixel of the image. For analysis of the time dependence of the data it is assumed that the fluorescence decay histogram for each pixel is well described by a multiexponential decay 23 :
A Levenberg-Marquardt routine for nonlinear fitting 24 is applied to fit a decay curve to the data of this model function in a separate off-line software package ͑SPCImage, Becker & Hickl͒. The SPCImage software has a deconvolution technique to separate the decays associated with the different pixels into the contributions that originate from different emitting species. The final values are approximated by a convolution of these decays with the recorded instrument response function of the measuring system and are displayed as a pseudocolored image with color representing lifetime. The detector employed in our experiments was a 16-anode photon-counting linear PMT array ͑PML-16, Becker & Hickl͒, which has an average transient time spread of approximately 200 ps. The multichannel TCSPC technique exploits the fact that the detection of several photons in different detector channels in one laser period is unlikely. 22 Therefore the single-photon pulses from all detector channels can be combined into a common photon pulse line and sent ͑together with routing information identifying the PMT channel that generated the pulse͒ through the normal time measurement procedure of the SPC-830 module, i.e., spectrally resolved fluorescence lifetime. Figure 2 shows the physical geometry of the spectrometer implementation. The distal end of the multimode optical fiber ͑FT-1.0-URT, ThorLabs Inc.͒ is mounted in a fiber positioner and delivers the collected fluorescence photons to a sinusoidal concave diffraction grating G with a focal length f of 10 cm ͑Richardson Gratings͒. The NA of the optical fiber was selected to be comparable with that of the grating ͑ f2͒ to minimize loss. The multianode detector is mounted on an x-y translation stage and positioned at the principal focus of the diffraction grating where it detects the fluorescence signal of different wavelength components on the individual cathodes such that 1 Ͻ 2 ͑Fig. 2͒. A pulse generated from the anode of a PMT within the linear array is amplified, encoded, and output through a routing channel, C 1 -C 16 , corresponding to the cathode that detected the fluorescence photon. The fiber, diffraction grating, and detector are all enclosed within a light-tight box assembly attached to the optical table to collectively serve as a 16-channel photon-counting spectrometer.
System Characterization
A. Coupling Efficiency
The geometry of the microscope posed constraints on the strategies that could be used to determine the efficiency with which emitted fluorescence from a sample was collected by the multimode fiber. With the coupling apparatus mounted directly under the microscope, practical limitations are imposed on the placement of a powermeter head for a direct measurement of optical power. As a consequence, the accuracy of the measurement is compromised when we opt for a less than ideal placement. To address this issue, we employed a TCSPC technique, which allows an absolute count of the number of photons with a direct detection method ͑i.e., before entry to the fiber coupling assembly͒ to be compared with the total number of photons counted by fiber delivery to the detector.
A single 10-m-diameter fluorescent polymer microsphere ͑type YG, Polysciences Inc.͒ with an excitation and emission maxima of approximately 445 and 470 nm, respectively, was used as a sample. The sphere was isolated from an ensemble of such spheres dried on a microscope slide and point scanned with 1.0 mW of 900-nm radiation ͑measured at the back aperture of the imaging objective͒ for 20 s. After determining the PMT channel that was detecting the peak of the emission spectrum ͑i.e., largest photon counts͒, we executed our photon-counting software in single-channel mode to build up a single fluorescence decay histogram in memory corresponding to a single-pixel image. At the completion of the acquisition, the number of detected photons in each of the histogram time channels ͑bins͒ was summed to give a total count of all photons that impinged on the detector. This process was then repeated with the multimode fiber and coupling assembly in place, and the ratio of the total counts ͑the coupling efficiency͒ was measured to be approximately 0.71 Ϯ 0.02 averaged over ten measurements. Each measurement was obtained from ten different point scan positions on the microsphere to eliminate the effect of photobleaching on the count measurement. It should be pointed out that this measurement does not take into consideration the loss associated with the sinusoidal diffraction grating, which we measured to be approximately 80%.
B. Spectrometer Calibration
Calibration of the spectrometer was achieved by standard practice. 25 Two laser lines, green and red of wavelengths 532 and 632.8 nm, respectively, were coupled to the multimode fiber by a 10ϫ, 0.25 NA objective ͑O 2 in Fig. 1͒ and delivered to the diffraction grating G ͑Fig. 2͒. With the NA of the fiber being comparable to that of the diffraction grating, the emerging beams approximately filled the diameter of the concave grating. Fine adjustment of the x and y translation stages upon which the grating was mounted allowed maximum efficiency to be attained. The fine position of the 16-channel detector placed at the first-order focal plane was controlled with an identical arrangement of stages. Figure 3 shows the position of each of these wavelengths on a given routing channel. For calibration, we positioned the 532-nm line on routing channel 4 by translating the stage of the detector. It can be seen from Fig. 3 that this resulted in the illumination of 632.8 nm to impinge on routing channel 14, which by a process of linear interpolation corresponds to a spectral resolution of approximately 10 nm. It is interesting to note the approximately equal photon counts in each time bin of the spectral channels 4 and 14. This phenomenon can be attributed to the continuous wavelength nature of the laser source because, under this condition, there is no correlation of the detection of a photon relative to an excitation pulse.
As a further measure of the spectrometer performance, we measured the second-harmonic spectrum generated from a nonlinear ␤-bariumborate ͑BBO͒ crystal for a range of illumination wavelengths. Figures 4͑a͒ and 4͑b͒ show the measured spectra for two illumination wavelengths, 900 and 860 nm, respectively. In this arrangement the PMT array was first translated such that continuous wavelength illumination of 532 nm impinged on routing channel 16, allowing the detection of spectral components as short as approximately 382 nm on routing channel 1. It can be clearly seen from Figs. 4͑a͒ and 4͑b͒ that the second-harmonic generation ͑SHG͒ spectra are accurately resolved on routing channels 8 ͑450 nm͒ and 6 ͑430 nm͒ and their SHG maxima coincide with the peak of the excitation wavelength. The slight photon spill into adjacent PMT channels ͑an effect not observed in Fig.  3͒ is due to the fact that the transform-limited ul- It should be pointed out that the variation in the spectral response of any given cathode in the linear PMT array was not taken into consideration in the calibration process. For experiments in which the instrument is to be applied to applications that require a more quantitative measurement ͑as opposed to our relative analysis͒, the spectral dependence of the radiant sensitivity of the multianode PMT assembly ͑R5900U-L16, Hamamatsu͒ is known 26 and can be employed to address this issue.
C. System Response
The system response is a critical parameter when fluorescence lifetime data are modeled because it is convolved with the time slope of a ͑multi͒exponential decay. 22 A fast conventional PMT may have a transit time spread as short as approximately 150 ps. For a microchannel plate PMT, this time can be a short as 25-30 ps. Although much shorter lifetimes can be determined by deconvolution of the recorded exponential decay function 21 in principle, it is the response of the PMT that fundamentally limits the time resolution of the system in practice. The Becker & Hickl PML-16 detector used in our experiments has a quoted response time of approximately 200 ps. This of course represents an ideal situation and does not take into consideration systemdependent optical effects. There are numerous factors, including light scattering and wavelengthdependent light path differences that will in general cause degradation of the system response. This is particularly applicable when a multimode optical fiber is used to deliver the fluorescence photons to a remote detector due to multipath propagation within the fiber core.
To characterize the performance of the new instrument, we measured the system response to the SHG signal from a nonlinear BBO optical crystal. This is a particularly attractive calibration technique because ͑by virtue of the SHG process͒ the signal has a zero lifetime and a narrow-bandwidth spectrum ͓Figs. 4͑a͒ and 4͑b͔͒. The BBO crystal combines a number of unique features including wide transparency and phase-matching ranges, a large nonlinear coefficient, high damage threshold, and excellent optical homogeneity. When the system response is monitored in real time with the SPC-830 board running in oscilloscope mode and in the absence of background fluorescence processes, the optical configuration and alignment can be optimized to yield the fastest response function.
The results are given in Fig. 5 , which depicts the number of measured SHG photons by routing channel 8 of the PML-16 detector as a function of time. The measured full width at half-maximum ͑FWHM͒ of this curve is approximately 295 ps, which is increased by approximately 95 ps compared with the manufacturer specifications. This increase is largely attributable to dispersion in the multimode optical fiber. As a further test, the inset in Fig. 5 shows the measured system response at FWHM as a function of the anode number in the linear PMT array, where it is clear that any given channel of the detector has a comparable system response. This result is of important physical significance and demonstrates the ability of the instrument to resolve fluorescence lifetime measurements uniformly across the spectrum.
Experimental Results
A. Wavelength-Resolved Fluorescence Lifetime
As an initial control, we measured the variation in lifetime across a fluorescent polymer microsphere of 10 m in diameter ͑type YG, Polysciences Inc.͒. This allowed us to access the imaging performance and lifetime uniformity across the optical field because the microspheres contain a single species of fluorescent dye molecule. The mean lifetime image is given in Fig. 6 and indicates an almost uniform distribution of monoexponential decay times within the microsphere of approximately 2.28 Ϯ 0.1 ns. This result is in good agreement with earlier measurements of similar microspheres that varied only by virtue of their diameter. 27 To demonstrate the ability of the new instrument to resolve particular wavelength components by the characteristic fluorescence lifetime, we simultaneously imaged and recorded, by two-photon excitation at 920 nm, the lifetime of two distinct species of fluorescent polymer microspheres. Microspheres ͑Polysciences Inc.͒ of type YG ͑Fluorescein͒ and YO ͑Rhodamine͒ were specifically selected because of clear overlap in their emission spectrum. We produced a sample of randomly dispersed spheres by drying a drop of each solution in which the microspheres were suspended onto a microscope slide. The recorded emission spectrum from the sample is shown in Fig. 7͑a͒ and is not representative of any given pixel, but rather results from photon counts that occurred as a consequence of our scanning the entire image for approximately 10 s. In this arrangement, the spectrometer was calibrated such that the 532-nm laser line impinged on routing channel 10.
Observation of Fig. 7͑a͒ reveals two peaks. The first occurs at approximately 460 nm and the second appears at approximately 570 nm, corresponding to routing channels 3 and 14, respectively. Because the peak emission wavelength of the YO microsphere is approximately 570 nm and the tail of the YG emission spectra extends beyond 600 nm, 28 it is difficult to conclude from this measurement if the 570-nm wave- Fig. 7 . ͑a͒ Recorded emission spectrum and ͑b͒ fluorescence lifetimes from a sample comprising a mix of two distinct species of fluorescent polymer microspheres with overlapping emission spectra imaged at 920 nm. Two peaks are observable in ͑a͒ at approximately 460 and 570 nm. Lifetime analysis of these wavelengths in ͑b͒ reveals two characteristic lifetimes, which can be used to identify the origin of any given wavelength component of the spectrum.
length component is a result of the Fluorescein or the Rhodamine fluorophore. However, analysis of the fluorescence lifetimes of individual spectral components can provide further insight. Figure 7͑b͒ is the result of our applying a Levenberg-Marquardt nonlinear fitting routine to the accumulated histogram data in all time bins of routing channels 3 and 14. As is shown in Fig. 7͑b͒ the fits clearly reveal two independent monoexponential decays having lifetimes of approximately 2.31 Ϯ 0.1 ns ͑curve A͒ and 3.4 Ϯ 0.1 ns ͑curve B͒, respectively, which correspond to the 460-and 570-nm wavelength components of the emission spectrum. It is clear from this result that the 570-nm spectral component is a consequence of the YO microspheres because the shorter wavelength component lifetime is in good agreement with that measured by our control experiment where only the YG microspheres were considered. It should also be pointed out that each peak in the emission spectrum is within approximately 1.0% of those quoted by the manufacturer of the microspheres. 28 
B. Combined Two-Photon Spectral-Lifetime Imaging
To explore the potential of the new simultaneous twophoton spectral-lifetime imaging system as a diagnostic tool for pathological investigations, we initiated preliminary imaging studies of a thick primate histological specimen ͑Cynomolgus monkey kidney͒. Tissue was excised and fixed in neutral buffered formalyne and sectioned with a vibratome in 200-m sections. The sample was then immersed in 0.5% methyl green ͑in phosphate buffer͒ and taken through 95% and 100% ethanol. Finally, the tissue is cleared in xylene and mounted with cytosol 60. Figures 8͑a͒-8͑d͒ depict four two-photon fluorescence intensity images of a transverse section of medulla obtained from the Cynomolgus monkey kidney acquired at four representative wavelength components of the emission spectrum: 480, 510, 550, and 580 nm. For clarity, each image is depicted so that it appears to be the actual color of the spectral component. The total acquisition time for the entire Fig. 8 . Two-photon fluorescence intensity images of a transverse section though the medulla of a Cynomolgus monkey kidney acquired at the ͑a͒ 480-, ͑b͒ 510-, ͑c͒ 550-, and ͑d͒ 580-nm wavelength components of the emission spectrum. The sample was stained with the methyl green fluorochrome and imaged with an illumination wavelength of 920 nm. Fig. 9 . Fluorescence lifetime images of a transverse section though the medulla of a Cynomolgus monkey kidney acquired at the ͑a͒ 480-, ͑b͒ 510-, ͑c͒ 550-, and ͑d͒ 580-nm wavelength components of the emission spectrum. The sample was stained with the methyl green fluorochrome and imaged with an illumination wavelength of 920 nm. Fig. 10 . Multiexponential best-fit analysis of a representative pixel ͑74, 65͒ for the ͑a͒ 480-, ͑b͒ 510-, ͑c͒ 550-, and ͑d͒ 580-nm wavelength components of the emission spectrum. Fig. 11 . Fluorescence lifetime analysis across the 450 -600-nm spectral range for a representative pixel ͑74, 65͒ on each lifetime image. The dotted and dashed curves depict the variation in the short ͑ 1 ͒ and long ͑ 2 ͒ lifetime components as a function of wavelength, respectively. The ratio of amplitudes ͑a 1 ͞a 2 ͒ as a function of wavelength ͑solid curve͒ reveals the relative contribution of these components in the multiexponential sum. data set was approximately 3 min with an average photon count rate of approximately 7.5 ϫ 10 5 photons͞s. The focused spot size and the average illumination power at the sample were approximately 0.8 m and 4.4 Ϯ 0.2 mW, respectively. It is clear that any given image corresponding to a particular wavelength component of the emission spectrum reveals particular features about the sample that are not necessarily discernable by other wavelength components. This is particularly evident in Fig. 8͑a͒ where various nuclei that are well defined in Fig. 8͑d͒ are not easily identifiable. Figures 9͑a͒-9͑d͒ illustrate pseudocolored fluorescence lifetime images corresponding to each of the four representative wavelength components given in Figs. 8͑a͒-8͑d͒ . The entire data set ͑which occupies approximately 32 Mbytes on the disk͒ comprises 16, 128 ϫ 128 pixel images, with each pixel being a lifetime photon count histogram comprising 64 time bins that can each contain up to 2 16 photon counts. Visual analysis of Figs. 9͑a͒-9͑d͒ reveals discrete lifetime distributions within the sample that correspond to signals emanating from different structures, which likely arise from the varying microenvironments in different regions of the cell or tissue. General observation of all four images reveals that the nuclei in the collecting ducts ͑identified by their columnar epithelium͒ and collecting tubules ͑which have a cuboidal epithelium͒ have shorter lifetimes than that of the surrounding cytoplasm. However, examination of the image data with greater scrutiny on a pixel-by-pixel basis over the representative fluorescence spectrum components reveals other subtle changes that may be of great characteristic significance.
By way of example, we considered the same pixel ͑74, 65͒ on each spectral-lifetime image given in Figs. 9͑a͒-9͑d͒. Figure 10 , curves ͑a͒-͑d͒, depict the best-fit analysis of the photon histograms for our chosen representative pixel on each of these spectrallifetime images ͓Figs. 9͑a͒-9͑d͔͒. It is clear from examination of the 1͞e point in Fig. 10 that each of these points has a different fluorescence lifetime. Furthermore, it is interesting to note that these data were best fitted with two exponential components in the intensity sum ͓Eq. ͑1͔͒. When several distinct decay rates from a single fluorophore are observed within a sample or as we demonstrate in Figs. 9͑a͒-9͑d͒, it is likely that the lifetime of the fluorophore is being locally modified by the close association of a molecule͑s͒ within the specimen that alters the fluorescent lifetime by resonant energy transfer. In this case one can extract the respective lifetimes i and the distribution of the respective coefficients a i from the model function and analyze the ratio of the associated and unassociated fluorophore at every pixel in the image.
Employing this scheme reveals an approximately equally weighted distribution of short ͑ 1 , approximately 500 ps͒ and long ͑ 2 , approximately 1900 ps͒ lifetime components for the 480-nm spectral channel, whereas at the longer 580-nm wavelength component the short component 1 remains approximately unchanged ͑520 ps͒ and the long component 2 increases to approximately 3200 ps. Furthermore, at this spectral component the distribution of these lifetimes is significantly altered by approximately 12% with the longer lifetime 2 being the dominant component in the exponential sum. Analysis across the entire fluorescence spectrum is provided in Fig. 11 where the short lifetime component 1 ͑dotted curve͒, the long lifetime component 2 ͑dashed curve͒, and the ratio of the amplitude coefficients a 1 ͞a 2 ͑solid curve͒ are plotted as a function of wavelength. Although on first observation it appears that little in the way of change is occurring below a wavelength of approximately 510 nm when one considers only the value of either 1 or 2 , observation of the relative contributions of each of these components to the exponential decay a 1 ͞a 2 ͑solid curve͒ reveals the contrary. It is also interesting to note that the general trend of the data tends to suggest an increase in the fluorescence lifetime as the wavelength in the fluorescence spectrum increases.
Conclusion
We have reported on the design and implementation of a combined two-photon spectral and lifetime microscope that incorporates a linear array of 16 single-photon-counting detectors for simultaneous measurement of two-photon-excited fluorescence emission spectra and lifetime on a pixel-by-pixel basis. The new system is capable of measuring a 160-nm spectral window within the range of approximately 380 -680 nm ͑by recalibration͒ with approximately 10.0-nm resolution, together with the excited-state lifetime of the fluorophore for each individual wavelength component with a time resolution of approximately 295 ps. The typical acquisition time of an entire spectral-lifetime image set is approximately 3 min, which is required to record a sufficient number of photon counts for precise curve fitting. This limitation can be reduced by one counting fewer photons; however, this comes at the expense of accuracy. We have performed extensive characterization of the system using a variety of fluorescent samples, and it has proven to be effective to resolve overlapping spectra by analysis of the characteristic lifetimes. Combined spectral-lifetime analysis may be particularly powerful to analyze studies involving fluorescent resonant energy transfer. Measurements of the reduction of donor lifetime together with a change in intensity of donor and acceptor wavelengths during a fluorescent resonant energy transfer interaction may avoid some of the ambiguities due to unknown concentration changes inherent in measurements that involve only relative changes in intensity of the donor and acceptor wavelengths.
We have begun to explore the feasibility of a combined spectral-lifetime imaging mode as a useful tool for pathological analysis through systematic analytic evaluation of spectral-lifetime data sets obtained from a histological tissue sample. The new instru-ment allows the information contained within the fluorescence signal to be maximally exploited and may provide new levels of diagnostically valuable information for identification of subtle characteristic properties of cells and tissue. Although the analysis presented in this paper is by no means an exhaustive evaluation of the image data, it does reveal the potential analytical power of a combined spectral and lifetime imaging modality. It also brings to fruition some of the more practical challenges that need to be addressed for the analysis of such complex data sets. Future goals include use of the instrument for various in vivo biological studies.
